Experiments were designed to assess the intrinsic changes in myocardial function with age and to determine the role of increasing left ventricular mass in this process. Isometric ventricular pressure-volume curves and length-tension curves were measured in isolated perfused rat hearts of different ages and masses. Incremental tension, peak active tension, and peak passive tension were less for 10-day-old hearts than they were for older hearts subjected to proportionately equal increases in length. At resting length, peak active tension developed by hearts at least 16 days old was 78SS higher than that developed by 10-day-old hearts, and peak passive tension was 133$ higher. There was no significant difference between 16-day-old rats and older rats. Thus, by the sixteenth postnatal day, the heart had developed functional maturity. These functional changes appeared to be related to age rather than to left ventricular mass. Histological studies of the left ventricle showed that, at birth, the myofibrils were disoriented with a high ratio of nonmyofibrillar elements to myofibrillar elements. Within 16-20 days after birth, the structural organization and the ratio of nonmyofibrillar elements to myofibrillar elements were similar to the organization and the ratio found in an adult. Thus a direct relationship existed between the functional properties and the anatomical development of the myocardium. Mass per se was not the sole factor that contributed to improved myocardial function with age.
• There is little information which accurately quantifies and compares the changes in left ventricular function of the developing heart. Studies of isolated papillary muscle from sheep and swine indicate that the velocity of shortening at any load is lower in the fetal and the newborn heart and that the isometric force development increases with age (1) . Recent studies on rat papillary muscle show that there is little change in the contractile properties after 40 days of age (2) . Papillary muscle from younger rats has not been studied because of the technical difficulties involved; therefore, little is known about the functional capabilities of the myocardium before rats are weaned.
The developing rat myocardium is an appropriate model for assessing intrinsic myocardial changes, since these changes occur over a short period of time. Newborn rats have a mean arterial blood pressure of 14 mm Hg that increases to 85 mm Hg within 20 days (3). There is a concomitant increase in heart rate (4), a decrease in peripheral resistance (5) , and a decline in the ratio of blood volume to body mass (6) . These effects indicate that the 20-day-old heart supplies a larger vascular bed at a discharge rate high enough to raise the input pressure while the relative volume available to the heart decreases. Quantification of the concomitant changes in myocardial function should allow evaluation of several factors contributing to the increased functional capabilities of the myocardium.
Mott (5) has inferred that an increase in left ventricular mass contributes to this development, but no substantial evidence to support this hypothesis has been recorded. Alterations in myocardial structural properties have been mentioned (7) (8) (9) , although little direct information relates these structural changes to accompanying functional changes. The purpose of the present study was to evaluate the changes in myocardial function of the newborn and the young rat. and to assess the relationship between structure and function of the developing left ventricle.
Methods
Male and female Holtzman rats ranging in age from newborn to adult were maintained under normal laboratory nutritional and environmental conditions. Sperm-positive females were obtained 1 week prior to the expected date of parturition; all immature rats were raised in the laboratory. The size of some litters was adjusted to control the growth rate of the newboms, as described by Heggeness et al. (10) . It was possible to raise 10-day-old rats with body and heart masses equal to or greater than those of normal 16-day-old rats ( Table 1) . Mass-dependent changes in function could thus be separated from time-dependent changes.
Functional Analysis.-Hearts from adult, 20-, 16-, and 10-day-old rats were studied using a Langendorff heart preparation. In all cases, the rats were killed by a quick blow to the head. The hearts were rapidly excised and arrested by placing them in a Krebs-Henseleit solution at 4°C for 30 seconds. The hearts were removed from the solution and suspended via a cannula inserted into the aortic arch through which the coronary arteries were perfused with Krebs-Henseleit solution aerated with 95% O 2 -5% CO 2 . Perfusion pressure was varied appropriately to keep coronary flow constant at the calculated normal level for a given age group. Cardiac output was estimated to be 8% of body weight and coronary flow was assumed to be 10* of cardiac output. The perfusate temperature was varied between 33 and 37°C to maintain a heart rate of 360 beats/min. A minute stab wound in the apex of the left ventricle ensured drainage of the perfusate flowing into the left ventricle from the Thebesian and the arterioluminar sources.
To obtain length-tension data, the base of the heart was secured to the perfusion apparatus, and the apex was secured to a Grass (FT10) strain gauge mounted in a micromanipulator to permit precise control of the length change. After determining the minimum length at which tension could be measured, the muscle was lengthened in step increments ranging from 1% to 5% of the base-to-apex length, and the corresponding tension was recorded.
Pressure-volume data were obtained from a second group of rats. In these experiments, the left atrium was excised, and a collapsed latex balloon attached to a catheter (PE60, 10 cm long) was inserted through the mitral valve into the left ventricle. A Statham P23Gb pressure transducer (volume displacement 0.04 ml/100 All values for body weight and heart weight are means = * = BE. *Range 160-200 g.
mm Hg) was attached to the balloon catheter. The frequency response of the catheter-transducer system was flat to 70 Hz and was not significantly altered by the balloon. The pressure-volume calibration of the balloon was obtained before and after each experiment; these values were used to correct the measured pressures.
To measure isovolumetric left ventricular pressure, step increments in intraventricular volume ranging from 3% to 6% of the maximal ventricular volume, i.e., the volume producing maximal intraventricular pressure, were introduced into the balloon, and the corresponding pressure was recorded on a Sanbom recorder (model 964). Each pressure-volume curve was determined three times in a given heart. Therefore, each point was the mean of three values, which were always within ±10%, indicating the reproducibility of the data from any one heart. Ventricular dP/dt was measured from the output of an operational amplifier differentiator with a time constant of 1 msec.
Histological Analysis.-Left ventricular tissue from adult, 20-day-old, 10-day-old, and newborn rats was studied by light and electron microscopy. The rats were killed by a quick blow to the head, and samples of the left ventricular apex were immediately excised.
Samples from adult (N = 4 ) , 20-dav-old (N = 4 ) , 10-day-old (N = 5 ) , and newborn (N = 8) rats were used for electron microscopy. The samples were fixed in cold 3% glutaraldehyde containing 0.05% calcium chloride buffered with 0.1M phosphate buffer at pH 7.35. After 2 hours of fixation at 4°C all tissues were washed overnight in several changes of buffer containing 5% sucrose. Following a 2-hour postfixation period in 2% osmium tetroxide in buffer, the tissues were rinsed quickly in distilled water, dehydrated with increasing concentrations of ethanol, and embedded in Durcupan. Sections 500-1,200 A thick were mounted on uncoated 300-mesh copper grids and examined with a Siemens Elmiskop (model la) at 60 lev with magnifications of 19,OOO-34,00Ox.
Light micrographs from serial sections of adult ( N = 1 1 ) , 20-day-old (N = 8 ) , 10-day-old (N = 8 ) , and newborn ( N = 1 0 ) hearts were studied. A polychrome collagen stain was used to assess morphology and collagen content (11) . Phase microscopy was also performed on the serial sections.
Collagen Analysis.-The hydroxyproline method of Bergman and Loxley (12) was used to determine the collagen content of pooled samples of left ventricular muscles of adult, 10-day-old, and newborn rats. Fibrous portions of the myocardium such as the valve rings or the papillary muscle attachments were carefully excluded.
Results

Functional Changes with
Development.-Incremental tension, peak active tension, and peak passive tension were less for 10-day-old hearts than they were for older hearts subjected to proportionately equal increases in length (Fig. 1) . At resting length, the peak active tension developed by older rats was 78% higher than that developed by younger rats and the peak passive tension was 133% higher. The pressure-volume data were essentially the same as the length-tension data, i.e., there was significantly greater peak isovolumetric pressure in the older hearts (P<0.025) (Fig. 2) . Furthermore, at 50% of maximal volume, the mean dP/dt was 200 mm Hg/sec for 10-day-old ventricles (N = 13), and it was 780 mm Hg/sec for 16-and 20-day-old ventricles ( N = 17).
To determine whether this functional difference was mass-dependent or age-dependent, additional pressure-volume experiments were performed on 10-day-old ventricles with the same mass as normal 16-day-old ventricles. These 10-day-old ventricles developed less pressure at a comparable volume (Fig. 3) . At 50% of maximal volume the mean pressure generated by the 10-day-old ventricles was 59% less than that generated by the 16-day-old ventricles, and at maximal volume it was 45% less. However, these heavy 10-day-old ventricles were functionally similar to normal 10-day-old ventricles, since both fit the same pressure-volume curve (Fig.  4) .
Structural Changes with Development-Photomicrographs of newborn and 20-day-old left ventricles showed that, in the newborn, nonmyofibrillar (mitochondria, glycogen, nuclei, and surface membranes) elements predominated and that the cells had vesicular, round nuclei with unstriated, amorphous cytoplasm (Fig. 5A ). This myocardium was in marked contrast to the 20-day-old myocardium, which was well organized and striated and had collagen fibers scattered throughout (Fig. 5B) age, the myocardium was indistinguishable from that of the adult, and the cells were highly organized and well differentiated (Fig. 6B) . The 10-day-old myocardium was transitional; some areas were well organized with sarcomeres and decreased granulation, but adjacent areas were relatively undifferentiated (Fig. 7) . This transitional state was age-dependent, since light microscopy showed that the structural anatomy of 10-day-old ventricles was the same and was independent of mass. Phase microscopy on serial sections of whole hearts indicated that the structural changes observed in the electron micrographs were ubiquitous.
Isovolumetric pressure-volume curves for 10-day-old (N = 13) and 16-and 20-day-old (N -17) rat ventricles. Each point represents the mean ± SE.
The mean collagen content of the left ventricle from newborn rats was 1.86 mg/g wet weight and increased to 2.6 mg/g at 10 days of age and to 3.4 mg/g in the adult. The changes in collagen content electron microscope further corroborated the marked structural changes the myocardium underwent during the first 20 days after birth. In the newborn, the myofibrils of the left ventricle were poorly organized, the amount of glycogen in the cytoplasm was increased, and the mitochondria were randomly distributed (Fig. 6A) . At 20 days of with age were also demonstrated by the polychrome collagen stain.
Discussion
Our data demonstrated that adult, 20-day-old, and 16-day-old rats were functionally similar. Thus, by the sixteenth postnatal day, the left ventricular muscle of the rat heart had reached functional maturity as assessed by isometric length-tension and pressure-volume curves (Figs. 1 and 2 ).
An increase in left ventricular mass has generally been inferred to contribute to the development of myocardial maturity. In the rat, the ventricular weight increases rapidly during the first 11 postnatal days and continues to increase at a slower rate thereafter (13) . This increase in mass is attributable to both hypertrophy and hyperplasia, since mitotic activity continues in rats with ventricular masses less than 550 mg (about 30 days of age) (14) . The ability of the heart to develop increased pressure with age has been partially attributed to this rapid increase in mass (5); the 10-day-old rat has a mean heart mass of 150 mg, and the adult heart is eight times as heavy (Table 1) . It is unlikely that an increase in mass alone accounts for the improved myocardial function of the maturing rat. Adult and 16-day-old ventricles were functionally similar even though the adult ventricle was nearly six times heavier. Comparison of 10-day-old and 16-day-old ventricles of similar mass showed that the functional capacity of the 10-day-old ventricles differed from that of the 16-dayold ventricles (Fig. 3) . Furthermore, 10-day-old ventricles were all functionally similar and independent of mass (Fig. 4) . These data suggest that the development of ventricular function is primarily related to time-dependent intrinsic changes occurring at the cellular level.
Time-dependent intrinsic cellular changes associated with myocardial function have been reported by Heller and Whitehorn (2) . However, the changes they have described are probably related to aging phenomena rather than to developmental processes. Their work with an isotonic papillary muscle preparation demonstrates a change in Vmax, with lightly preloaded papillary muscle of younger rats contracting faster and further than that of adult rats. These changes in Vmax are related to cellular changes in adenosinetriphosphatase activity, which is greater in the young rats. Although an agedependent prolongation of time-to-peak tension is suggested, age-dependence of other isometric parameters cannot be demonstrated. These results from the isometric papillary muscle preparation most likely reflect the fact that the youngest age groups in the study were 40 days old and, therefore, probably beyond the time when most of the changes described in our study occurred.
Our microscopic findings of unorganized myofibrils in the early postnatal period also suggest that dramatic changes occur at the cellular level; this suggestion is supported by similar findings in other species (9, 15) . Anatomical comparisons of 10-dayold left ventricles of varying masses demonstrated that an increase in mass per se had no effect on structural organization. The observed structural changes suggest that the alignment of myofibrils contributed to the postnatal increase in functional capacity of the left ventricle. Although it is not possible to assess the functional capacity of the unorganized myofibrils, the theoretical implication is that, with organization, increasing muscle length results in an increase in the relative number of force-generating sites in the contractile elements. It is possible that the myofibrils free in the cytoplasm do not participate in contraction or that all myofibrils are functional but that during contraction some are antagonistic to others (9) .
Since actin concentration, as measured by adenosine diphosphate, reaches adult levels within the first postpartum week, rat myocardium possibly attains functional maturity at that time (16) . The present study suggests that, although adult levels of actin are present, its contribution is minimized due to intracellular structural disorganization.
The significance of the increased collagen content remains to be clarified. It might account for the greater rise in passive tension exhibited by the left ventricles of older rats, and it also might participate in directing the force generated by the myocardium.
The direct effect of catecholamines on the development of ventricular function is unknown, and recent data suggest no relationship between endogenous norepinephrine stores and myocardial contractility of the adult rat heart (17). However, an age-related increase in norepinephrine stores could contribute to the developmental alterations in cardiac performance. Previous investigators have found a rapid increase in cardiac norepinephrine content in the postnatal period (10, 18) . The significance of this finding is unclear, since the capacity of the heart to bind norepinephrine remains constant during this time and only increases after 22 days (19) . The production and the uptake of norepinephrine in the developing rat myocardium parallel the development of the ability of the heart to accumulate norepinephrine. However, accelerated growth of myocardial tissue has no effect on the rate of development of norepinephrine uptake sites in the heart (20) ; therefore, the importance of time-dependent changes occurring at the cellular level unassociated with an increase in mass is again emphasized.
Studies of cardiac hypertrophy in adults demonstrate that changes in intraventricular pressure (P) or intra ventricular radius (r) are balanced by appropriate changes in left ventricular wall thickness (S), thereby maintaining a constant wall stress (cr) for a given intra ventricular pressure or intraventricular radius. In theory, then, our functional changes with age could be a reflection of Laplace considerations (cr = Pr/28).
The major variable that we considered was P, and P = cr28/r. Our observations showed that with age, P increased more rapidly than did the mass of the neonatal ventricle. If a was constant, then S had to increase faster than r increased, and r and 8 were not changing proportionately. Alternatively, cr could have increased. Our data demonstrated that 10-day-old heavy ventricles had the same calculated r (derived from the known volume of the balloon) and developed the same P or tension as normal 10-day-old ventricles. Thus, since P and r were constant as 8 increased, wall stress tended to decrease. This conclusion is substantiated by data obtained from isolated, nonperfused sheep hearts, which also indicate that cr is not constant, being greatest in the fetal heart (1). Therefore, our study suggests that the rat heart attained functional maturity by the sixteenth postnatal day, the increase in functional capacity of the myocardium with age did not depend solely on mass, and these functional differences might have depended on structural changes in the myocardium.
